The human T cell leukaemia virus type I (HTLV-I
Introduction
Human T cell leukaemia virus type I (HTLV-I) is the aetiological agent of adult T cell leukaemia (ATL) and HTLV-I associated myelopathy\tropical spastic paraparesis (HAM\ TSP) (Poiesz et al., 1980 ; Hinuma et al., 1981 ; Yoshida et al., 1982 ; Wong-Staal et al., 1983 ; Kalyanaraman et al., 1982 ; Gessain et al., 1985 ; Jacobson et al., 1988 ; Reddy et al., 1988 ; Tsujimoto et al., 1990) . The Tax protein of HTLV-I is a transactivator of viral and cellular gene expression (Fujisawa et al., 1985 ; Brady et al., 1987 ; Ressler et al., 1996) , and is the viral transforming protein (Nerenberg et al., 1987 ; Tanaka et al., 1990 ; Pozzati et al., 1990 ; Hinrichs et al., 1987 ; Grassmann et al., 1989 Grassmann et al., , 1992 . Because of its essential role in virus replication and disease progression, understanding the mechanism of Tax transactivation is of high importance. The viral long terminal repeat (LTR) contains two types of Tax responsive elements, TRE1 and TRE2 (Shimotohno et al., 1986 ; Paskalis et al., 1986 ; Fujisawa et al., 1986 ; Brady et al., 1987) . Three copies of the imperfect, 21 bp, TRE1 repeat are located in the U3 region of the LTR. A conserved core cyclic AMP-responsive element Author for correspondence : Susan Marriott.
Fax j1 713 798 3490. e-mail susanm!bcm.tmc.edu Gal-Tax activity was observed when an octamer binding site was placed adjacent to the Gal4 binding sites. However, the octamer binding site failed to independently function as a Tax responsive element in the absence of an adjacent Tax-tethering element. Oct-2 was not required for augmentation of Gal-Tax activity as this enhancement was observed in BHK-21 cells, which lack Oct-2. The ability of octamer binding sites to augment transcription was specific for Gal-Tax, as compared to other transactivators. Taken together, these results demonstrate that the degree of Tax transactivation can be influenced by the elemental composition of the target promoter.
(CRE) is located near the centre of each TRE1. The TRE1s serve as the binding site for a variety of cellular transcription factors including (CREB, ATF, HEB and TREB) (Beimling & Moelling, 1992 ; Zhao & Giam, 1991 Yoshimura et al., 1990 ; Tan et al., 1989 ; Beraud et al., 1991) . A single TRE2 element is located between the TATA-proximal and middle TRE1s and contains 4 copies of a pentanucleotide repeat, CC A \ T CC. TRE2 is a binding site for the cellular transcription factors Sp1, NF-κB, Ets, Myb and p36 (Marriott et al., 1990 ; Gitlin et al., 1991 ; Bosselut et al., 1992 ; Nyborg et al., 1990 ; Numata et al., 1991) . Tax does not bind DNA directly, but can be tethered to the LTR through interactions with TRE1 and TRE2 binding proteins, including CREB, ATF and p36 (Marriott et al., 1989 (Marriott et al., , 1990 Suzuki et al., 1993 ; Zhao & Giam, 1991 . A single copy of either a TRE1 or TRE2 element is only modestly activated by Tax. However, two or more TRE1 elements, or a combination of TRE1 and TRE2 elements are strongly transactivated by Tax. These studies suggest that tethering of Tax to a promoter is necessary but not sufficient for maximal transactivation. The presence of adjacent and overlapping binding sites for multiple cellular transcription factors in the HTLV-I LTR provides a variety of proteins which can act in concert to promote maximal levels of Tax transactivation.
In addition to the viral LTR, Tax activation of cellular gene expression has been well documented and is believed to contribute directly to the transforming properties of HTLV-I. Specific cellular genes which are activated by Tax include IL-2, IL-2Rα, GM-CSF, TGF-β, c-fos, NGF, pcNA and lyn (Uchiumi et al., 1992 ; Cross et al., 1987 ; Fujii et al., 1988 ; Inoue et al., 1986 ; Kim et al., 1990 ; Maruyama et al., 1987 ; Siekevitz et al., 1987 ; Doi et al., 1989 ; Ruben et al., 1988 ; Nagata et al., 1989 ; Ressler et al., 1997 ; Miyatake et al., 1988) . These genes do not share a single common pathway for Tax transactivation. The Tax responsive elements in the promoters of these genes include NF-κB, CRE and serum response elements (SRE). Thus, a variety of cellular transcription factors can function in Tax transactivation pathways. A Gal-Tax fusion protein, containing the DNA binding domain of the yeast Gal4 transcription factor fused, in-frame, to the complete Tax gene, circumvents the need for cellular transcription factors to tether Tax to a promoter containing Gal4 binding sites. However, the transcriptional activity of such a fusion protein is less than when Tax is brought to a promoter through interactions with cellular transcription factors (Fujisawa et al., 1991) . The transcriptional activity of a Gal-Tax fusion protein can be augmented by placing a TRE1 element adjacent to the Gal4 binding sites (Connor et al., 1993) .
The octamer binding site is found in a variety of cellular promoters including the histone H2B gene, small nuclear RNA (snRNA) genes, and immunoglobulin genes (Sive et al., 1986 ; Falkner & Zachau, 1984 ; Wirth et al., 1987 ; Tanaka et al., 1988 ; Bark et al., 1987) . The octamer binding proteins are members of the POU family of transcription factors and include the prominent members Oct-1 and Oct-2. Oct-1 is a ubiquitous cellular transcription factor (Fletcher et al., 1987) which contains a glutamine-rich activation domain while Oct-2 is primarily expressed in B cells and contains both glutaminerich and proline-rich activation domains (Scheidereit et al., 1987) . Both proteins recognize the same DNA motif known as the octamer binding site (OBS), ATGCAAAT (Staudt et al., 1986 ; Clerc et al., 1988 ; Sturm et al., 1988 ; Aurora & Herr, 1992) . The herpesvirus transactivator, VP16, can activate transcription through a preferential association with Oct-1 (Gerster & Roeder, 1996) .
In this study, the ability of a series of transcription factor binding sites to augment Gal-Tax activity was examined. The greatest augmentation of activity was observed with octamer binding sites. While octamer binding sites enhanced Tax transactivation when an adjacent element was provided to tether Tax to the promoter, octamer binding sites were not independently responsive to Tax. The effects of octamer binding sites were observed with Gal-Tax and Gal-VP16, but not with other viral and cellular transactivators. Experiments performed with BHK-21 cells demonstrated that Oct-2 was not required for augmentation of Gal-Tax activity by octamer binding sites. Taken together, these studies demonstrate that the strength of Tax transactivation can be influenced by the presence and identity of other promoter elements.
Methods
Oligonucleotides. All oligonucleotides were designed such that the double-stranded products contain overhanging XbaI ends. The sense strand of each oligonucleotide is shown below. mTRE1 5h CTAGAAAGCCCTGATGTCTCCCCCAA 3h CRE 5h CTAGAGGCTGACGTCAGAG 3h Oct 5h CTAGATGCTTTGCATTGCTTTGCAA 3h Sp1 5h CTAGAGGGCGGGGGCGGGGGCGGA 3h mTRE2 5h CTAGACTCGAGCCTCCGGGAAGCCACCAAGAAC-CACCCATTTCCTCCCCATGTTTGA 3h
Plasmids. The 11-2GalS, 6-2GalS, Gal-Tax and Gal-TaxAS plasmids have been previously described (Connor et al., 1993) . The pU3RCAT plasmid, containing the U3\R region of the HTLV-I LTR driving expression of the CAT gene, has been previously described (Sodroski et al., 1984) . The SV-Tax expression plasmid has been previously described (Ressler et al., 1997) . The 11-2 and 6-2 plasmids have been previously described (Brady et al., 1987) .
The 6-2GalSCRE, 6-2GalSOct, 6-2GalSSp1 and 6-2GalSmTRE1 plasmids were constructed by cloning the appropriate double-stranded oligonucleotides (shown above) into the XbaI site of 6-2GalS. The 6-2mTRE1, 6-2CRE, 6-2Oct, 6-2Sp1 and 6-2TRE2 plasmids were constructed by cloning the appropriate double-stranded oligonucleotides (shown above) into the XbaI site of 6-2, a minimal HTLV-I promoter plasmid. The 6-2Oct2x, 6-2Oct4x, 6-2Oct6x and 6-2Oct8x plasmids were constructed by cloning multiple copies of the double-stranded Oct oligonucleotide (shown above) into the XbaI site of 6-2. The 6-2TRE2-Oct plasmid was constructed by cloning the double-stranded Oct oligonucleotide into the XbaI site of 6-2TRE2.
The HTLV-I Tax plasmid has been previously described (Nerenberg et al., 1987) . The Gal-VP16 plasmid was constructed by cloning the VP16 activation domain into the BamHI site in pSG424 (Sadowski & Ptashne, 1989) . The Gal-E1A, Gal-Ets, Gal-Tat, Gal-ATF1 and Gal-CREB1 plasmids were gifts from Ron Javier (Baylor College of Medicine), Jacques Ghysdael (Institute Curie, Paris), Andy Rice (Baylor College of Medicine), Michael Green (Univ. Massachusetts Medical Center) and Nicholas Jones (Imperial Cancer Research Fund), respectively.
Transfections. The HeLa and BHK-21 cell lines were maintained in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10 % foetal calf serum. Cells were seeded in 60 mm dishes for transfection by calcium phosphate precipitation as previously described (Connor et al., 1993 ). An SV-βgal or MSV-luciferase plasmid was included in each transfection to control for transfection efficiency. Briefly, cells were harvested 48 h post-transfection by washing in cold PBS and scraping in 140 µl of reporter lysis buffer (Promega). The cell pellet was disrupted by a single freeze-thaw cycle, and the cell extract was collected following centrifugation. For the luciferase assay, 25 µl of the total cell extract was added to 50 µl of luciferase substrate (Promega). The luciferase reaction was quantified in a Turner TD-20e luminometer. The amount of reporter and transactivator used in each experiment is described in the figure legends.
CAT assays. CAT assays were performed using either a single phase extraction assay with [$H]chloramphenicol (Seed & Sheen, 1988) or as previously described using ["%C]chloramphenicol (Connor et al., 1993) . The data shown for each experiment are representative of at least two repetitions and were normalized for transfection efficiency. CAT units were determined by dividing the $H or "%C counts from each sample by the corresponding luciferase or β-galactosidase activity. Fold activation was determined by dividing the CAT units obtained from the reporter plus transactivator by the CAT units obtained from the promoter alone.
Results
Previous studies have demonstrated that the activity of a Gal-Tax fusion protein is enhanced by the presence of a TRE1 element flanking the Gal4 binding site (Connor et al., 1993) . To examine the specificity of this enhancement, a variety of transcription factor binding sites were placed adjacent to a series of Gal4 binding sites and tested for transactivation by a Gal-Tax fusion protein (Fig. 1) . Similar to our previous report (Connor et al., 1993) , Gal-Tax activated a reporter containing Gal4 binding sites adjacent to a TRE1 element (11-2GalS) by 24-fold. Introduction of a mutation which impairs binding of CREB\ATF transcription factors to TRE1 (6-2GalSmTRE1) reduced responsiveness to Gal-Tax to 3-fold, similar to the activity of a reporter containing Gal4 binding sites only (6-2GalS). The presence of either CREB (6-2GalSCRE) or octamer (6-2GalSOct) binding sites adjacent to the Gal4 binding sites restored Gal-Tax activation (23-and 32-fold, respectively). Gal-Tax activated a reporter containing Sp1 binding sites 11-fold and this activity remained stable when the Sp1 binding sites were placed adjacent to Gal4 binding sites (6-2GalSSp1, 13-fold). Augmentation of promoter activity by octamer or CREB binding sites required both the Gal4 binding sites and the adjacent transcription factor binding sites since promoters containing these elements separately were less responsive to Tax. The ability of CREB binding sites to augment Gal-Tax activity was expected, since CREB is known to bind TRE1 and is likely involved in augmentation of Gal-Tax activity through a TRE1 element. Augmentation of Gal-Tax activity by octamer binding sites was consistently greater than that observed with either TRE1 or CRE and was unexpected because an octamer binding site has not previously been recognized as a Tax responsive element.
Tax has been shown to associate with cellular proteins that bind to both the TRE1 and TRE2 elements within the HTLV-I LTR, and these interactions are thought to be required for transcriptional activation of the LTR by Tax. Therefore, we examined whether octamer binding sites could augment transcription resulting from the natural association of Tax with LTR sequences (Fig. 2) . Tax activated a single copy of the TRE2 element (6-2TRE2, 3n8-fold). The presence of adjacent TRE2 and octamer binding sites (6-2TRE2Oct) resulted in increased Tax transactivation (7n3-fold). The finding that activation of 6-2TRE2Oct by Tax was less than activation of 6-2GalSOct by Gal-Tax (see Fig. 1 , 37-fold) was not surprising, since the affinity of the Gal4 DNA binding domain CCGB Fig. 2 . Octamer binding sites augment Tax transactivation through natural promoter elements. HeLa cells were transfected with 2 µg of the indicated reporter in the presence and absence of pSV-Tax. The resulting CAT activities were normalized for β-gal activity to correct for transfection efficiency. The activity of reporters in the presence of Tax is plotted as ' Fold Activation '. Fold activation was determined as described in Fig. 1 . A diagram of each reporter is shown on the left. The position of TRE1 elements ( ), TRE2 elements ($$$$) and octamer binding sites ( ) are depicted in each diagram. , or a minimal HTLV-I promoter containing 2, 4, 6 or 8 copies of the octamer binding site (6-2Oct, 6-2Oct4x, 6-2Oct6x, or 6-2Oct8x) in the presence or absence of pSV-Tax (4 µg). The resulting CAT activities were adjusted for β-gal activity to correct for transfection efficiency. Fold activation of the reporters in the presence of Tax was calculated as described in Fig. 1 . Fig. 4 . Oct-2 is not required for augmentation of Gal-Tax activity by octamer binding sites. BHK-21 cells were transfected with 2 µg of the reporter 6-2GalSOct either alone or with 2, 4, 6 or 8 µg of the Gal-Tax expression vector. The resulting CAT activities were adjusted for luciferase activity to correct for transfection efficiency. Fold activation of the reporter in the presence of Gal-Tax was calculated as described in Fig. 1 .
for its cognate binding site is probably greater than the affinity of proteins such as p36 for TRE2 binding. In addition, activation by Gal-Tax is achieved by a single polypeptide expressed as a fusion protein, while activation through the TRE2 element requires a protein-protein interaction between Tax and a cellular factor such as p36. Taken together, these results demonstrate that augmentation of Gal-Tax-activated transcription by octamer binding sites does not require the Gal4 DNA binding domain.
The results presented in Figs 1 and 2 raised the possibility that Tax may activate transcription directly through the octamer binding site. To determine whether an octamer binding site was sufficient for Tax transactivation in the absence of other elements, a series of octamer binding sites (2, 4, 6 or 8 copies) was cloned into the minimal HTLV-I promoter construct, 6-2. None of these reporters were responsive to Tax following transfection into HeLa cells while pU3RCAT, containing the complete HTLV-I LTR, was activated 33-fold by Tax (Fig. 3) . To confirm that octamer binding sites are not sufficient for Tax transactivation, increasing concentrations of the Tax expression plasmid were co-transfected with the reporter containing 8 copies of the octamer binding site (6-2Oct8x). Up to 14 µg of Tax expression plasmid did not result in transactivation of the octamer binding sites although Tax activation of pU3RCAT was once again observed (data not shown). These results demonstrate that the octamer binding site does not independently serve as a Tax responsive element.
CCGC Fig. 5 . Augmentation of transcription by the octamer binding site is dependent upon the transactivator. HeLa cells were transfected with 2 µg of the reporter 6-2GalSOct either alone, or with 4 µg of an expression vector encoding the Gal4 DNA binding domain fused to Tax (Gal-TaxS), Tax in the antisense orientation (Gal-TaxAS), the VP16 activating domain (Gal-VP16), CREB1 (Gal-CREB1), ATF1 (Gal-ATF1), E1A (Gal-E1A), Ets (Gal-Ets) or HIV-1 Tat (Gal-Tat). The resulting CAT activities were adjusted for β-gal activity to correct for transfection efficiency. Fold activation of the reporter in the presence of an activator was calculated as described in Fig. 1 .
Two of the best characterized members of the octamer transcription factor family are Oct-1 and Oct-2. Oct-1 is a ubiquitously expressed protein while Oct-2 is primarily expressed in B lymphocytes. To determine whether Oct-2 is required for augmentation of Gal-Tax activity, experiments were performed in BHK-21 cells, which do not express Oct-2 (Lillycrop & Latchman, 1992) . A titration of Gal-Tax on the 6-2GalSOct reporter resulted in dose dependent transcriptional activation (Fig. 4) which was similar to that observed in HeLa cells, demonstrating that Oct-2 is not required for augmented Gal-Tax activation.
Finally, we wanted to determine whether the augmentation by octamer binding sites was specific for Gal-Tax or whether the effect could be seen with other transactivators. To examine this possibility, a series of viral and cellular transactivators fused to the Gal4 DNA binding domain was tested for activation of the reporter 6-2GalOct (Fig. 5) . Gal-Tax activated transcription of the reporter (27-fold). Interestingly, the Gal-VP16 fusion protein showed a 17-fold activation of this reporter. Since the activation domain of VP16 which is contained in this construct does not interact directly with octamer, these results suggest that the Tax and VP16 activation domains may share a common ability to cooperate with the innate octamer activation function. None of the other fusion proteins (Gal-CREB1, Gal-ATF1, Gal-E1A, Gal-Ets and Gal-Tat) showed significant activation of this reporter. These results demonstrate that the effect of an octamer binding site on activation by Gal4 fusion proteins is not a universal property of transactivators.
Discussion
The results of this study demonstrate that octamer binding sites can augment the transcriptional activity of Tax when located adjacent to an element used to tether Tax to a promoter. Cooperation between octamer elements and other transcription factor binding sites has previously been observed. For example, the rat U3 snRNA promoter contains adjacent octamer and CCAAT binding sites which synergistically regulate transcription (Ach & Weiner, 1991) . In addition, the octamer element in snRNA genes has been shown to potentiate the activity of a neighbouring proximal sequence element (PSE) (Murphy et al., 1992) . Finally, adjacent octamer and ets binding sites provide combinatorial activation of the PU.1 promoter (Kistler et al., 1995) . Unlike the herpesvirus transactivator VP16, which can associate directly with octamer binding proteins, our studies demonstrated that octamer binding sites do not independently serve as Tax responsive elements. In support of this conclusion, Tax did not affect the migration or affinity of an octamer gel shift complex (data not shown).
Several possible models can be proposed to explain the augmentation of Tax transactivation by adjacent octamer binding sites. It is possible that octamer binding proteins potentiate the binding of an adjacent protein which is subsequently used to tether Tax to the promoter. For example, binding of either Oct-1 or Oct-2 has been shown to potentiate the binding of PTF to an adjacent site in the promoter of snRNA genes (Murphy et al., 1992) . This possibility seems unlikely because augmentation of Tax activity was observed whether Tax was tethered to the LTR via a Gal4 DNA binding domain or via a cellular TRE2 binding protein. It is unlikely that octamer binding proteins would potentiate the binding of proteins as dissimilar as PTF, Gal4 and a TRE2 binding protein such as p36.
Alternatively, Tax could increase the DNA binding affinity of octamer binding proteins resulting in increased availability of this transcription factor on the promoter. This possibility has some precedence since Tax has previously been reported to increase the affinity of a variety of transcription factors for their respective DNA binding sites (Armstrong et al., 1993 ; Franklin et al., 1993 ; Wagner & Green, 1993 ; Baranger et al., 1995) . However, gel shift studies failed to show enhanced binding of the Oct POU domain protein in the presence of Tax (data not shown). Enhancement of Oct binding by Tax may require a domain of the protein outside of the POU domain resulting in its unresponsiveness to Tax in our assay. Additional studies will be required to determine whether this mechanism plays a role in the augmentation of Tax transactivation by adjacent octamer binding sites.
It is possible that augmentation of Tax transcriptional activity can be achieved without physical contact between octamer binding proteins and Tax. Oct-1 has been shown to induce a weak DNA bending activity (Verrijzer et al., 1992) which could influence the accessibility of adjacent DNA binding sites for their binding proteins. This feature of Oct-1 is thought to play a role in adenovirus 2 replication by facilitating the binding of replication proteins. Our data suggest that Tax does not form a direct physical complex with Oct binding proteins, however, and we have no evidence that the binding of Oct to our reporter plasmids influences the accessibility of adjacent DNA binding sites. A plausible mechanism for augmentation of Tax activation by neighbouring octamer binding sites involves synergism between the activation domains of Tax and the octamer binding protein. We observed augmentation of Gal-Tax activation in BHK-21 cells (which lack Oct-2) implying that Oct-1 is sufficient to mediate this response. Oct-1 contains only the glutamine-rich activation domain and lacks the proline-rich activation domain which is also found in Oct-2. Interestingly, Oct-1, CREB and Sp1 all possess glutamine-rich activation domains and Tax has been shown to augment the activity of Oct and CREB. Our data also demonstrate that Tax can use an Sp1 binding site as a responsive element (Fig. 1, 11-fold) ; however, Sp1 binding sites do not appear to augment the activity of Gal-Tax when placed adjacent to Gal4 binding sites. Thus, it is possible that the specific effect of Tax on the basal transcription machinery complements the effects of specific glutamine-rich activation domains.
Finally, octamer binding proteins and Tax may utilize a common coactivator whose association with the promoter is stabilized through interactions with both proteins. Oct-1 and Oct-2 bind the coactivator Bob-1 (Gstaiger et al., 1995) , while Tax directly interacts with the coactivator CREB binding protein (CBP) (Kwok et al., 1996) . It thus appears likely that a complex containing several coactivators could be nucleated by adjacent Tax and octamer binding proteins. It is currently unclear whether the association of these coactivators is influenced by adjacent factors ; however, the presence of such a multiprotein complex may allow multiple interactions with, and stabilization of, the basal transcription machinery. For example, Bob-1 has some sequence similarity with TAF250, Tax has been shown to bind the TATA binding protein, TBP (Caron et al., 1993) , and CBP has been shown to bind to TFIIB (Kwok et al., 1994) .
The augmentation of Tax transactivation by octamer binding sites has potential biological consequences in regulation of viral and cellular gene expression. The cellular lyn gene provides an example of a Tax-responsive promoter which contains an octamer binding site (Uchiumi et al., 1992) . The Tax responsive element within the lyn promoter was located very near the transcription start site and immediately adjacent to the octamer binding site (Uchiumi et al., 1992) . Deletion of the octamer binding site in this promoter reduced the absolute level of Tax transactivation by approximately 7-fold.
In summary, we have presented evidence that octamer binding sites can enhance Tax transactivation. The combinatorial nature of regulatory elements in the HTLV-I LTR as well as in the promoters of Tax responsive cellular genes suggests that a complex interplay between transcription factors influences the specificity of Tax responsiveness.
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